The degree of light limitation of growth is the primary controlling factor of chlorophyll synthesis during photoautotrophic growth of Chlorella. The chlorophyll content of the cells increases when light is limiting for growth as occurs in dense cultures, or in cultures under low incident light, or when the light is used less efficiently through partial inhibition of photosynthesis by 3-(p-chlorophenyl)-1, 1-dimethylurea. Most algae, Chlorella included, do not require light in order to carry out chlorophyll synthesis, and therefore, the regulation of chlorophyll synthesis in algae appears to be quite different from that involved in the greening of etiolated higher plants. There are, however, some common features of chlorophyll synthesis in algae and higher plants: 8-aminolevulinic acid synthetase, the putative first enzyme of chlorophyll synthesis, has not been detected in extracts of any green plant, including algae (3); chlorophyll synthesis in Chlorella appears to be dependent upon protein synthesis (2), as it is in higher plants (4, 5); mutants of Chlorella exist which behave like higher plants with respect to a light requirement for protochlorophyllide reduction and chlorophyll formation (7, 8) .
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Sargent (14) and Myers (10, 11) reported that Chlorella produced more chlorophyll under low light conditions than under high light conditions. This is perhaps related to the observations of Sestak (15) and others, as discussed by Rabinowitch (13) , that shaded leaves contain more chlorophyll than leaves exposed to full sunlight.
A detailed investigation of some of the physiological parameters related to variations in the chlorophyll content of Chlorella was conducted by Shugarman and Appleman (16) (17) (18) (19) . They showed that the formation of chlorophyll was 'This work was supported in part by a National Institutes of Health Predoctoral Fellowship GM-28419.
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specifically suppressed when dilute cultures of Chloreilla were exposed to high light intensity, the effect being designated the lag phase of chlorophyll synthesis. The duration of the lag phase could be altered by changing the incident light intensity on the culture or the initial cell population density, and by the presence of certain sugars in the culture medium. A number of possible explanations were put forward concerning the physiological basis of the lag phase. First, the lag could be due to some intrinsic induction period required before the enzymes necessary for chlorophyll biosynthesis are produced within the cells. When a newly inoculated culture is placed in the light, perhaps some component of the chlorophyll biosynthetic system is destroyed and then resynthesized during the induction period. Second, perhaps light suppresses chlorophyll synthesis directly. Then the lag phase might reflect the time required for the cells to overcome the light-induced suppression of chorophyll synthesis, i.e., to adapt to the new light environment. Third, the lag phase might represent a feedback control exerted by a product of photosynthesis over another process, chlorophyll biosynthesis, which provides a key component of the photosynthetic apparatus, namely, chlorophyll. The cells might adjust their chlorophyll content in response to the light available for carrying ouLt photosynthesis. Fourth, inasmuch as growth rate and chlorophyll biosynthetic rate appear to be inversely related, perhaps there is a competition for a common precursor of chlorophyll and other cellular components.
The experiments described in this paper were designed to indicate which of the above explanations most accurately accounts for the lag phase of chlorophyll synthesis.
MATERIALS AND METHODS
Chlorella vulgaris Beijerinck was obtained originally from S. Granick (6) . The methods of culturing the cells, the culture medium, and the measurement of packed cell volume and chlorophyll content are basically similar to those of ShuLgarman and Appleman (17) .
Cells were grown in a defined mineral medium, the composition of which is given in Table I . Culture flasks were 500-ml Erlenmeyer flasks, each fitted with a bubbler tube extending down into the culture. Two hundred milliliters of culture medium were placed into each flask. Then gauze-covered cotton plugs were placed in the mouths of the flasks, and cotton was forced into the top ends of the bubbler tubes. The flasks were autoclaved and then allowed to cool to room temperature before inoculation with an axenic suspension of cells. A filtered and humidified mixture of 5% CO. in air was passed through in suspension by a combination of the gas mixture bubbling into the suspension and by the reciprocal shaker.
The culture flasks were illuminated from below by 100-w, clear traffic signal lamps (Ken-Rad). The distance from the top of the lamps to the bottom of the culture flasks was photocell; e: cell suspension; f: cooling water; g: cooling water inlet; h: cooling water outlet; i: magnetic stirring bar; j: magnetic stirring motor; k: overflow and aerating gas outlet; 1: inlet for culture medium and aerating gas, and outlet for sampling. medium to enter the chamber and dilute the cell suspension within. An equal volume of cell suspension would then be expelled through the tube at the top of the chamber and into the waste receptacle. The bottom of the chamber was equipped with another tube through which samples of the cell suspension could be withdrawn for analysis. The idea for the continuous culture apparatus was obtained from the work of Myers and Clark (12). 
RESULTS AND DISCUSSION
Relation between Chlorophyll Synthesis and Growth Rate. Figure 2 shows the increases in packed cell volume and chlorophyll when a suspension of C. vulgaris Beijerinck was inoculated so that the initial packed cell concentration was 0.5 ml/liter of suspension. The logarithms of the packed cell and chlorophyll concentrations are plotted against time so that the initial growth is seen to be exponential and so that the changing rates of both growth and chlorophyll synthesis are clearly visible. Figure 3 shows the results of a longer term experiment conducted in the same manner as the previous one. This time the data are plotted directly against time, thereby making it clearly seen that after the first 22 hr after inoculation, the growth and chlorophyll synthetic rates were linear. The cell suspension used to inoculate the culture flasks for both experiments was obtained from a culture approximately 72 hr old.
There was very little increase in chlorophyll content during the first, exponential, phase of growth; by the time that growth was at the end of the exponential phase, the amount of chlorophyll per unit of packed cell volume had decreased to about one-third of the initial value. After 24 hr of growth, the rate of chlorophyll synthesis began to increase, and, as the cells continued to grow linearly, the chlorophyll content per unit of packed cell volume increased and, at 72 hr, was about at the same value as at the time of inoculation. At no time did the total amount of chlorophyll decrease absolutely; rather, it increased at varying rates.
Relative Available Light. unit of time will be constant. If the logarithm of the cell mass is plotted against time, the resulting curve will be a straight line. If, on the other hand, a growth requirement becomes limiting, the growth rate under these conditions will be a reflection of the supply rate of the limiting factor. For example, if the limiting factor were supplied to the culture at a constant rate, then the growth would be linear with time, rather than exponential.
When Chlorella is grown photoautotrophically, the source of carbon is carbon dioxide which is supplied by being bubbled into the flask at a constant rate; the only external energy source is the light absorbed by the cells. When the culture is inoculated with a suspension of cells such that the initial packed cell concentration is 0.5 ml/liter of suspension, the increase in cell mass is exponential (Fig. 2) . This exponential growth indicates that as the cell mass increases, no growth requirement is depleted to the point where it becomes limiting. After a period of about 12 hr, however, the specific growth rate begins to decline, and after about 20 hr of growth, the increase in cell mass becomes linear with time (Fig. 3) . The linear growth suggests that some growth requirement is being supplied to the culture at a constant rate and that this is the limiting factor for growth under these conditions. As has been mentioned above, the only two growth factors which are supplied to the cultures at constant rates are carbon dioxide and light. (Fig. 2) . The 200 ml of suspension have a depth of 3.0 cm in the 500-ml culture flask. The average available light to the cells is 3160 lux when the incident intensity is 8000 lux.
At the time when growth becomes linear, the chlorophyll content of the suspension is approximately 25 mg/liter (Fig. 3) (Fig. 3) (Fig. 4) . 18 hr before the first sample was taken. *: Pooled culture. Five flasks were inoculated at the same time and to the same packed cell concentration as the dilute culture. At 2 hr after inoculation, the cells were harvested by centrifugation and were resuspended in onefifth of the original volume of medium, and then were placed back in the light. After pooling, the packed cell and chlorophyll concentrations were similar to those of the dense culture.
During the first 2 hr of illumination after pooling, the rate of chlorophyll synthesis in the pooled culture was as low as that of the dilute culture. After this time the rate rapidly increased until at 6 hr it was as high as that of the older culture in the stage of rapid chlorophyll synthesis.
One possible explanation for the lag phase of chlorophyll synthesis was that the dilute cultures are exposed to high light intensity, with consequent destruction of some light-sensitive component necessary for chlorophyll synthesis. Resynthesis of this component is required during the lag phase before chlorophyll synthesis can resume. The pooled culture experiment indicates that such an explanation cannot account for the entire lag phase. The ability of the pooled culture to synthesize chlorophyll was recovered after 2 hr even though the initial rate of chlorophyll synthesis was as low as that of the dilute culture (Fig. 4) . Apparently, continuous high light intensity on the cells is necessary for the suppression of chlorophyll synthesis, and once the cells are concentrated so that the light available to the average cell is low, rapid chlorophyll synthesis proceeds after about 2 hr.
Continuous Culture Experiments. If the lag phase of chlorophyll synthesis represents a control mechanism of the cells such that the chlorophyll content per unit of packed cell volume varies in response to the light which is available to the cells, then it should be possible to dissociate completely the light dependence from the apparent time dependence. In other words, if a cell suspension could be grown in such a way that the packed cell concentration remains constant, then the amount of chlorophyll per unit of packed cells should be a function of the light intensity on the cells. To study this problem, a continuous culture apparatus was developed (Fig. 1) .
The data appearing in Table II were obtained as follows. A suspension of cells was allowed to grow in the continuous culture growth chamber at a given incident light intensity and at a given setting of the photocell electronic controller until the samples drawn on 2 consecutive days yielded equal values of packed cell concentration and chlorophyll content per unit of packed cell volume. Then the chamber was sampled on succeeding days until sufficient data were obtained to ensure that the cell suspension was indeed constant with respect to packed cell concentration and chlorophyll content. Next, the incident light intensity was varied, either by moving the light shields containing the lamps or by removing or replacing lamps, keeping the relative proportions of fluorescent to incandescent light constant. The electronic controller was then adjusted, and the packed cell concentration was monitored until the new steady state was reached, after which time samples were again taken for packed cell concentration and chlorophyll content at the new steady state. The data (Table II) in the column marked "relative available light" were calculated as described above.
The hypothesis that the degree of light limitation of growth is the primary controlling factor of chlorophyll synthesis is strengthened by the results of the continuous culture experiments. Under the steady state conditions employed in the Effect of CMU on Chlorophyll Synthesis. The purpose of this experiment was to determine whether the effect of high light on chlorophyll synthesis is a direct photochemical effect or whether it is mediated by some aspect of photosynthesis. If the suppression of chlorophyll synthesis during the lag phase is due to light itself, then the lag phase should occur even when the cells are impaired in their ability to photosynthesize. If, on the other hand, a high rate of photosynthesis is required for suppression of chlorophyll synthesis, and if photosynthesis is inhibited, then chlorophyll synthesis should proceed rapidly even in dilute cell suspensions exposed to high light intensity.
CMU has been shown to be a potent inhibitor of photosynthetic oxygen evolution in living plants, as well as an inhibitor of light-mediated electron transport associated with the production of reducing equivalents, known as photosystem II, in isolated chloroplasts (1) . Chlorella was inoculated into dilute suspensions (0.5 ml of packed cells per liter) and was placed in 8000 lux of light in the normal manner. The cultures contained varying concentrations of CMU from 0.5 to 5 x 106 M. Samples were taken after 8 or 9 hr of growth. Table III shows the effects of CMU on growth and chlorophyll synthesis in three separate experiments. The inhibitor lowered the growth rate, but the chlorophyll biosynthetic rate and the chlorophyll concentration within the cells were both increased, i.e., more chlorophyll was made even though the total packed cell volume was smaller. It thus appears that the effect of light on the suppression of chlorophyll synthesis during the lag phase is due to some aspect of photosynthesis, and when one part of the photosynthetic process-the production of reducing power by photosystem II-is partially inhibited by CMU during the first 8-or 9-hr growth of dilute cell suspensions in high light, the suppression of chlorophyll synthesis is significantly lessened. Under the culture conditions employed in these experiments, the optimal concentration of CMU was about 1 to 2 X 10' M, higher concentrations leading to inhibition of both chlorophyll synthesis and growth, as would be expected in the case of more complete inhibition of photosynthesis.
CONCLUSIONS
The results reported here provide certain information concerning the control of chlorophyll biosynthesis and the nature of the lag phase of chlorophyll synthesis in C. vulgaris Beijerinck. The 
